ABSTRACT FROM THE ORIGINAL ARTICLE BACKGROUND: The optimal treatment of displaced fractures of the proximal part of the humerus remains controversial. We evaluated the long-term functional and radiographic results of transosseous suture fixation in a series of selected displaced fractures of the proximal part of the humerus.
INTRODUCTION
The management of displaced proximal humeral fractures is challenging and often reflects the personal experience of the physician treating the injury. Regardless of the treatment protocol used, these fractures present challenges in restoring humeral alignment, joint surface congruity, and rotator cuff function while maintaining humeral head vascularity. Over the last fifteen years, we have used a technique of transosseous suture fixation for a large number of displaced proximal humeral fractures. These have included four-part valgus impacted fractures, threepart fractures or fracture-dislocations, and two-part fractures of the greater tuberosity with or without associated dislocation of the humeral head. With use of this technique in four-part valgus impacted fractures, the impacted head, the greater tuberosity, the lesser tuberosity, and the upper part of the metaphysis are sutured together in a cruciate fashion, and in threepart fractures, the displaced tuberosity is sutured to the intact one as well as through drill holes in the metaphyseal area. Finally, in two-part tuberosity fractures, the displaced tuberosity is sutured to the intact one and to the adjacent metaphyseal area. Stable fixation can be obtained in each of these fractures, allowing for early shoulder motion with a low risk of osteonecrosis and hardware-related complications. Other techniques of transosseous fixation of two-part or three-part fractures with use of wires, tapes, or sutures have previously been proposed by other authors [1] [2] [3] . Regarding the method proposed by Hawkins et al. 1 , our surgical technique differs in that it can also be applied to four-part valgus impacted fractures and utilizes nonabsorbable sutures instead of wires, which can cut through the bone, especially in osteoporotic patients, and can more easily fatigue, resulting in the need for the removal of broken or migrated wire fragments in some patients.
SURGICAL TECHNIQUE
Preoperative evaluation includes a thorough clinical examination, focused on the presence of any neurovascular deficit, and a standard radiographic trauma series of the shoulder (an anteroposterior radiograph in the scapular plane as well as lateral and axillary radiographs) (Fig. 1) . In order to minimize discomfort, the axillary radiograph is usually done with the patient in a supine position, under the supervision of the attending physician. Additional radiographic views (anteroposterior in external rotation or in internal rotation with 15° of
FIG. 1
Preoperative radiographs of a four-part valgus impacted fracture. Note the displacement of the greater tuberosity, the impaction of the humeral head, and the absence of lateral displacement of the head fragment on the anteroposterior (AP) radiograph.
cephalic tilt) and computed tomography can be useful in selected patients.
After induction of general anesthesia, the patient is placed in the beach-chair position with at least 60° of flexion at the waist. Two folded sheets are placed beneath the medial border of the scapula to bring the shoulder girdle forward, facilitating access to the glenohumeral joint. A second-generation cephalosporin is administered preoperatively and for the first postoperative day. The entire upper extremity is prepared and draped in a manner that allows full and unrestricted positioning of the arm during the procedure.
The fractured area is exposed with use of the lateral transdeltoid approach, by developing an interval between the anterior and middle portions of the deltoid muscle. The skin incision is made from the anterolateral tip of the acromion, extending laterally and distally for approximately 6 to 7 cm (Fig.  2 ). With use of blunt dissection, the deltoid is split for 4 to 5 cm distal to the acromion (Fig. 3 ). Rotation and abduction of the proximal part of the humerus in this surgical window allows adequate visualization of both tuberosities and the metaphyseal area, thus minimizing the risk of iatrogenic injury to the axillary nerve. In patients with metaphyseal extension of the fracture, the nerve is identified and protected by the surgeon's finger.
Fixation of Four-Part Valgus Impacted Fractures
Soft-tissue attachments to the fracture fragments are carefully preserved to prevent devascularization of the humeral head. The fracture lines between the tuberosities are identified and gently separated, facilitating access to the humeral head. Invariably, the humeral head is facing superiorly with the tuberosities displaced to either side of it (Fig. 4) . While the impacted valgus position of the humeral head fragment is preserved, two heavy nonabsorbable sutures are passed through the bone of the head fragment, 1 cm proximal to the fracture line at both the medial and the lateral border of the articular surface. Additional sutures are then passed through each tuberosity fragment (or near the site of tendon insertion into the fragment in osteoporotic bone or when intensive comminution is present), and the rotator cuff tendons are mobilized (Fig. 5) . Finally, two additional pairs of sutures are inserted laterally and medially through 2.7-mm drill holes in the diaphysis (Fig. 6 ). These sutures are then passed through the opposite tuberosity, near the musculotendinous junction, and
The patient is placed in the beach-chair position (left), and the skin incision extends no more than 6 to 7 cm distal to the anterolateral tip of the acromion (right).
on to the neighboring area of the articular segment (i.e., from the medial diaphysis toward the greater tuberosity and from the lateral diaphysis toward the lesser tuberosity as well as to the adjacent articular fragment). Once all sutures are in place, the tuberosities are approximated to the diaphysis and recessed just below the top of the head fragment. Then each suture is tied individually and to each other in a cruciate arrangement that allows stable fixation of all parts of the fracture to all others (Fig. 7) . Any further loosening of the sutures, because of fracture compression, is corrected by tying additional knots between the free suture ends once more in a cruciate manner. A schematic representation of the surgical technique in a four-part valgus impacted fracture is shown in Figure 8 with the appropriate order of suture passage and the final knot-tying. When completed, eight sutures will have been placed. Each tuberosity contains four suture ends (two distinct sutures, one to each side of the shaft fragment, and two shared sutures to the neighboring tuberosity), and the head fragment contains two distinct sutures (both going through the proximal holes in the shaft fragment) (Fig. 8, c) . Any associated tears of the rotator cuff tendons are also repaired with nonabsorbable sutures. (Fig. 9) The same principles of fixation are used for three-part fractures.
Fixation of Three-Part Fractures

FIG. 4
Intraoperative photograph made after exposure of a four-part valgus impacted fracture. Soft-tissue attachments to the fracture fragments are carefully preserved to prevent devascularization of the humeral head. The fracture lines between the tuberosities are then identified and gently separated. GT = greater tuberosity, LT = lesser tuberosity, HH = humeral head, and HD = humeral diaphysis.
FIG. 3
The split of the deltoid extends no more than 4 to 5 cm in order to avoid iatrogenic injury to the axillary nerve.
In this type of fracture, the humeral head is typically rotated either internally or externally, and care must be taken to achieve an adequate reduction in both the frontal and sagittal planes. Initially, two sutures are placed through the displaced greater tuberosity and then through the intact lesser tuberosity. Two additional pairs of sutures are inserted laterally and medially through 2.7-mm drill holes in the diaphysis. These sutures are directed into the opposite tuberosity (i.e., the medial diaphysis toward the greater tuberosity and the lateral diaphysis toward the intact lesser tuberosity). When completed, six sutures will have been placed, with each tuberosity containing four suture ends (two distinct sutures to the opposite side of the shaft fragment and two shared sutures to the neighboring tuberosity) (Fig. 9,  c) . Once all the sutures are in place, they are tied individually and then to each other in a cruciate arrangement that allows stable fixation of all parts, one to the other. Loosening of the sutures, because of fracture compression, is corrected by tying additional knots between the free suture ends in a cruciate manner. Associated rotator cuff tears are repaired with nonabsorbable sutures.
Fixation of Two-Part
Fractures of the Greater Tuberosity (Fig. 10 ) When anterior dislocation of the shoulder accompanies fracture of the greater tuberosity, the patient is lightly sedated in the emergency department to facilitate reduction. Only one or two efforts are made to reduce the dislocation by closed means. If closed reduction fails, the patient is transferred to the oper-
FIG. 5
The first suture is passed through the head fragment and the greater and lesser tuberosities. GT = greater tuberosity, LT = lesser tuberosity, HH = humeral head, and HD = humeral diaphysis.
FIG. 6
Additional sutures are placed through drill holes in the medial and lateral aspects of the humeral diaphysis (HD). The black arrows indicate the drill holes in the diaphysis. GT = greater tuberosity, LT = lesser tuberosity, and HH = humeral head.
ating room for open reduction under general anesthesia. In our series, twenty-nine (52%) of the fifty-six patients with two-part fractures of the greater tuberosity had a characteristic longitudinal tear in the rotator interval. Complete avulsion of the supraspinatus tendon was seen in five patients; complete avulsion of the infraspinatus tendon, in three; and combined avulsion of both tendons, in two patients. To repair the fractures, two sutures are passed from the upper part of the greater tuberosity through the lower part of the metaphysis (through a corresponding drill hole) and into the upper part of the cortical bed of the humeral head, near the fracture line. Three additional sutures are passed through the lower part of the tuberosity fragment and directed to the upper, middle, and lower parts of the cortical bed and metaphyseal area. When completed, five sutures will have been placed. Two distinct sutures connect the upper tuberosity fragment to the bed of the head and shaft, while three sutures secure the lower part of the tuberosity fragment to different fixation points in the shaft and metaphysis (Fig.  10, c) . Once all sutures are in place, the cortical edge of the tuberosity fragment is reduced to align with the edge of the fracture bed on the proximal part of the humerus and the sutures are carefully tied in a cruciate fashion with care being taken to prevent overreduction and to avoid further comminution. The longitudinal tears in the rotator cuff are repaired with nonabsorbable sutures.
Once the fracture has been repaired, gentle mobilization of the humerus of up to 90° of abduction and 30° of external and internal rotation is tested intraoperatively. The intraoperative impression of a stable construct that moves as a single unit in all directions presumes the adequacy of fixation and avoids the need for intraoperative radiographic examination. The deltoid flaps are then reapproximated with use of absorbable sutures in a figure-ofeight manner. The subcutaneous tissue is closed with absorbable sutures, and the skin is closed with a subcuticular technique. A Velpeau dressing secures the arm to the chest wall. It is converted to a simple sling on the second postoperative day. Postoperative radiographs in the recovery room document the adequacy of reduction and fixation (Fig. 11) .
REHABILITATION PROTOCOL
A closely monitored, three-phase rehabilitation program is administered to all patients. Initially, this consists of pendulum exercises starting on the second postoperative day and continuing until the third or fourth postoperative week. The second phase includes active-assisted range-ofmotion exercises for a period of five to ten weeks. In the final phase, commencing at approximately three months after surgery, active dynamic shoulder motion and strengthening exercises are prescribed until the sixth postoperative month.
FIG. 7
The fixation is demonstrated just prior to final tying of the knots. There is an adequate reduction and balance of the involved rotator cuff tendons. The fracture site has been closed, and both the tuberosities have been placed below the articular margin of the humeral head. Note the cruciate nature of the sutures. 
